This paper presents a new methodology for detecting various types of composite damage, such as delamination and impact damage, through the application of multimode guided waves. The basic idea is that various wave modes have different interactions with various types of composite damage. Using this method, selective excitations of pure-mode guided waves were achieved using adjustable angle beam transducers (ABTs). The tuning angles of various wave modes were calculated using Snell's law applied to the theoretical dispersion curves of composite plates. Pitch-catch experiments were conducted on a 2-mm quasi-isotropic carbon fiber-reinforced polymer (CFRP) composite plate to validate the excitations of pure fundamental symmetric mode (S0) and shear horizontal mode (SH0). The generated pure S0 mode and SH0 mode were used to detect and separate the simulated delamination and actual impact damage. It was observed that S0 mode was only sensitive to the impact damage, while SH0 mode was sensitive to both simulated delamination and impact damage. The use of pure S0 and SH0 modes allowed for damage separation. In addition, the proposed method was applied to a 3-mm-thick quasi-isotropic CFRP composite plate using multimode guided wave detection to distinguish between delamination and impact damage. The experimental results demonstrated that the proposed method has a good capability to detect and separate various damage types in composite structures.
Introduction
Composite materials have been widely used in aerospace structures due to their advantages of having high specific strength and stiffness, having design flexibility, and being lightweight [1] . However, composite structures are prone to various types of damage, including debonding, delamination, and impact damage. The detection and characterization of various types of composite damage are quite difficult. Delamination is a common and dangerous failure mode for composite structures, because it occurs and grows in the absence of any visible surface damage, making it difficult to detect through visual inspection [2] . In addition, barely visible impact damage (BVID) due to low-velocity impact, in the form of fiber breakage, matrix cracking, and interlaminar delamination, is also invisible to the naked eye and is easily induced from various sources such as bird strikes, tools dropped on parts, or runway debris [3, 4] . BVID can result in a noticeable decrease in the load-carrying capability of the composite structures, and such damage can develop progressively, leading to a catastrophic failure. Due to general anisotropic behavior [5] and complex damage scenarios, the successful implementation of damage detection in composite structures is always challenging.
Various nondestructive testing (NDT) techniques have been developed for damage detection in composite structures, including thermography [6] , eddy currents [7] , and ultrasonic C-scans [8] .
The Theory of Angle Beam Transducers for Single-Mode Excitation
Angle beam transducers (ABTs) and wedges are generally used to excite and receive single-mode guided waves. Let c w be the velocity of the pressure waves in the wedge, c be the phase velocity of the desired wave mode at a selected frequency in a composite laminate, and θ be the incident angle of the pressure waves impinging on the structure (also called the tuning angle), as shown in Figure 1 . According to Snell's law, a wave mode with a phase velocity of c will be enhanced through phase matching [29] , much more so than waves of any other phase velocity, if the following condition is satisfied:
In order to adjust the tuning angle θ to excite different wave modes, an adjustable wedge (ABWX-2001) manufactured by Olympus was used. The adjustable wedge allows the user to change the tuning angle from 0 • to 70 • to generate various pure-mode guided waves. In this study, an experimental setup of ABT-ABT was used, in which one ABT was used as a transmitter and the other ABT was used as a receiver. Both ABTs were set at the same tuning angle to excite and receive pure-mode guided waves in composites.
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Detection of Various Damage Types Using ABT-ABT on a 2-mm Quasi-Isotropic Composite Plate
In this section, pure S0 mode and SH0 mode guided waves were generated by ABT-ABT in a 2mm quasi-isotropic carbon fiber-reinforced polymer (CFRP) composite plate. They were used to detect and separate the delamination simulated by the Teflon insert and the actual impact damage due to low-velocity impact.
Composite Specimen
A 2-mm-thick in-house quasi-isotropic CFRP composite plate with a stacking sequence of [−45/90/45/0]2s was investigated. The specimen dimension was 500 mm × 500 mm × 2 mm.
Simulated Delamination
A CYCOM 5320-1/IM7 12K prepreg was used to manufacture the composite specimen. The simulated delamination was introduced by inserting a Teflon film into the composite plate before curing it in a hot press machine. A circular Teflon film (25 mm in diameter) between plies 12 and 13 was inserted to create the delamination. The thickness of the Teflon film was 50 μm. The depth of the Teflon insert was based on the experimental results in Reference [8] . The delamination size was determined from the practical application, where the critical delamination size for growth monitoring was around 25 mm in diameter. Figure 2 shows a schematic of a 2-mm quasi-isotropic composite plate with purpose-built delamination. The experimental setup and curing cycle of the specimen manufacturing are given in Figure 3 .
Ultrasonic nondestructive testing (NDT) was conducted on the composite plate to verify and image the simulated delamination. An ultrasonic immersion tank was used to inspect the specimen. In the experiment, a 10-MHz, 25.4-mm focused transducer was used. First, a full-specimen NDT inspection was conducted, and there were no other manufacturing defects other than the simulated 
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Ultrasonic nondestructive testing (NDT) was conducted on the composite plate to verify and image the simulated delamination. An ultrasonic immersion tank was used to inspect the specimen. In the experiment, a 10-MHz, 25.4-mm focused transducer was used. First, a full-specimen NDT inspection was conducted, and there were no other manufacturing defects other than the simulated delamination. Then, a small-area scan was performed to detect and image the simulated delamination. The scan area was 50 mm × 50 mm. After an initial scan with the focus on the top surface of the sample, the transducer was refocused at the depth of the Teflon film for a clearer C-scan image. Figure 4 shows the B-scan and C-scan images of the NDT results. The C-scan image shows the presence of the simulated delamination in the composite plate. The depth of the delamination can be observed in the B-scan image (0.5 mm away from the bottom surface). In the C-scan image, the size and shape of the delamination can be clearly observed. Therefore, the simulated delamination could be detected and quantified from the NDT detection, which was consistent with the design.
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Impact Damage Due to Low-Velocity Impact
A small coupon was cut from the 2-mm quasi-isotropic composite plate and was used to conduct the impact testing. A drop-weight impact tower was utilized to induce an impact on a fixed composite coupon. In this study, the coupon dimensions were changed from 152 mm × 102 mm (ASTM D7136 standard dimensions) to 304 mm × 204 mm. Note that the in-plane dimensions of the coupon were twice the size of the ASTM D7136 standard in order to make the panel size more realistic for guided wave propagation. In order to accommodate the larger plate, two rectangular frames were designed and manufactured. They were clamped to the ASTM D7136 fixture to conduct impact tests on the same drop-weight impact tower. The modified experimental setup is shown in Figure 5 . The controlled impact event was recorded by a piezoelectric load cell, which could accurately record the data of the applied impact force (energy absorbed by the specimen during the impact event). 
A small coupon was cut from the 2-mm quasi-isotropic composite plate and was used to conduct the impact testing. A drop-weight impact tower was utilized to induce an impact on a fixed composite coupon. In this study, the coupon dimensions were changed from 152 mm × 102 mm (ASTM D7136 standard dimensions) to 304 mm × 204 mm. Note that the in-plane dimensions of the coupon were twice the size of the ASTM D7136 standard in order to make the panel size more realistic for guided wave propagation. In order to accommodate the larger plate, two rectangular frames were designed and manufactured. They were clamped to the ASTM D7136 fixture to conduct impact tests on the same drop-weight impact tower. The modified experimental setup is shown in Figure 5 . The controlled impact event was recorded by a piezoelectric load cell, which could accurately record the data of the applied impact force (energy absorbed by the specimen during the impact event). The details of the impact test are given in Table 1 , which indicates that the coupon was impacted using a 3.06-kg impactor with a potential energy of 16.69 J. This energy was chosen using engineering judgment to try to obtain a 25-mm-impact damage size in the 2-mm-thick quasi-isotropic composite coupon. The force-time history and absorbed energy of the impact event are given in Figure 6 . The load curve shows peaks at a certain maximum load and is parabolic in shape. When there are irregularities in the parabolic shape of the load curve, this indicates that the specimen has undergone extensive internal damage [30] . The maximum-recorded contact force of this impact event was 3.57 kN. The energy-time plot given in Figure 6 was taken from the force-time curve through integration of the data. The energy-time plot described the peak energy experienced and energy absorbed by the specimen. Here, the energy absorbed was the difference between the value at the end of the plot and the initial value. The difference between the peak energy observed and the energy absorbed could be used to determine the efficiency of energy absorption of the material. Furthermore, the energy-time history was able to demonstrate the percentage of impact energy that was absorbed by the specimen to create the irreversible process of damage. It was found that over 65% of the impact energy was absorbed by the specimen where the 25-mm-impact damage was formed.
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Pure S0 Mode Generation
First, the adjustable ABT pair was used to generate pure S0 mode in the 2-mm quasi-isotropic CFRP composite plate. To generate and receive the pure S0 mode in the 2-mm quasi-isotropic composite plate, 500 kHz broadband angle beam transducers (A413S-SB, Olympus, USA) mounted on adjustable wedges (ABWX-2001, Olympus, USA) were used as the transmitter and the receiver. Figure 9 illustrates the pitch-catch experimental setup for guided wave generation and detection using ABT-ABT. The coupling between wedges and the specimen was attained with coupling gel (Olympus Sound Safe). For the excitation of pure S0 mode at 500 kHz, the incident angle of the wedge was set to 26° based on Snell's law. The excitation signal applied to the transmitter ABT was a narrowband three-count tone burst at a central frequency of 500 kHz generated by a function generator (AFG3052C, Tektronix, USA) and amplified by a high-speed bipolar amplifier (HSA4014, NF, Japan). The response signals from the receiver ABT were collected by a digital oscilloscope (MDO3024, Tektronix, USA), which used 100 averages to improve the signal-to-noise ratio. The function generator also sent a trigger signal to the oscilloscope for synchronization. 
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Damage Detection Using Multiple Pure-Mode Guided Waves
In this section, pure S0 and SH0 modes generated by the ABT-ABT were utilized to detect the simulated delamination and actual impact damage in the 2-mm quasi-isotropic composite plate. The experimental setup for damage detection in the 2-mm quasi-isotropic composite plate is shown in Figure 12 . A 100-mm distance was ensured between the transmitter ABT and the receiver ABT using a rigid frame. For the inspection of pure S0 mode at 500 kHz, the incident angle of the wedge was set to 26 • , while an incident angle of 49 • was used for the excitation of pure SH0 mode. A narrow-band three-count tone-burst excitation at a central frequency of 500 kHz was used as the input signal for the transmitter ABT. In the experiment, the measurements were conducted by placing the ABT-ABT on the pristine area, delamination, and impact damage.
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Damage Detection Using Pure S0 Mode
Pure S0 mode was used to detect the delamination simulated by the Teflon insert and the actual impact damage. A signal comparison between the pristine area, the delamination simulated by the Teflon insert, and the actual impact damage is shown in Figure 13 . 
Pure S0 mode was used to detect the delamination simulated by the Teflon insert and the actual impact damage. A signal comparison between the pristine area, the delamination simulated by the Teflon insert, and the actual impact damage is shown in Figure 13 .
Strong and nondispersive wave packets of S0 mode were observed in all cases, as depicted in Figure 13a . A high signal-to-noise ratio was obtained even in the presence of damage. It was found that no obvious amplitude change was observed in the case of the Teflon insert, whereas a significant amplitude drop was clearly noted due to the presence of impact damage. The frequency spectrums were calculated by using time windowing on the acquired signals to obtain the main wave packet and remove the trailing waves. Similarly, the same phenomena were noted in the frequency spectrum, as shown in Figure 13b . Therefore, pure S0 mode was sensitive to the actual impact damage but not sensitive to the delamination simulated by the Teflon insert. This was because the impact damage, in the form of matrix cracking, fiber breakage, and interlaminar delamination, significantly reduced local stiffness. Therefore, impact damage caused a strong amplitude decrease for the S0-mode guided wave. Strong and nondispersive wave packets of S0 mode were observed in all cases, as depicted in Figure 13a . A high signal-to-noise ratio was obtained even in the presence of damage. It was found that no obvious amplitude change was observed in the case of the Teflon insert, whereas a significant amplitude drop was clearly noted due to the presence of impact damage. The frequency spectrums were calculated by using time windowing on the acquired signals to obtain the main wave packet and remove the trailing waves. Similarly, the same phenomena were noted in the frequency spectrum, as shown in Figure 13b . Therefore, pure S0 mode was sensitive to the actual impact damage but not sensitive to the delamination simulated by the Teflon insert. This was because the impact damage, in the form of matrix cracking, fiber breakage, and interlaminar delamination, significantly reduced local stiffness. Therefore, impact damage caused a strong amplitude decrease for the S0mode guided wave.
Damage Detection Using Pure SH0 Mode
Similarly, the pure SH0 mode generated by the adjustable ABT pair was used to detect the delamination simulated by the Teflon insert and the actual impact damage. Figure 14 shows a signal comparison between the pristine area, the delamination simulated by the Teflon insert, and the impact damage using pure SH0 mode. Strong wave packets of pure SH0 mode were observed for all three cases. It was found that large amplitude drops were clearly observed for both the Teflon insert and the impact damage. The frequency spectrums were calculated using time windowing on the acquired signals to obtain the main wave packet and remove the trailing waves. Similarly, amplitude drops were noted in the frequency spectrums. Therefore, SH0 mode was sensitive to both the delamination simulated by the Teflon insert and the actual impact damage. However, SH0 mode could not separate the delamination and impact damage since the same amplitude drop was observed for both cases. 
Similarly, the pure SH0 mode generated by the adjustable ABT pair was used to detect the delamination simulated by the Teflon insert and the actual impact damage. Figure 14 shows a signal comparison between the pristine area, the delamination simulated by the Teflon insert, and the impact damage using pure SH0 mode. Strong wave packets of pure SH0 mode were observed for all three cases. It was found that large amplitude drops were clearly observed for both the Teflon insert and the impact damage. The frequency spectrums were calculated using time windowing on the acquired signals to obtain the main wave packet and remove the trailing waves. Similarly, amplitude drops were noted in the frequency spectrums. Therefore, SH0 mode was sensitive to both the delamination simulated by the Teflon insert and the actual impact damage. However, SH0 mode could not separate the delamination and impact damage since the same amplitude drop was observed for both cases. To distinguish between damage types, the pure S0 mode and SH0 mode had to be used together. This is because the pure S0 and SH0 modes were both sensitive to actual impact damage, whereas only the pure SH0 mode was sensitive to the delamination simulated by the Teflon insert. This was related to the motion characteristics of the respective mode shapes and the corresponding wavelengths. Thus, the use of the pure S0 and SH0 modes allowed for damage separation that would To distinguish between damage types, the pure S0 mode and SH0 mode had to be used together. This is because the pure S0 and SH0 modes were both sensitive to actual impact damage, whereas only the pure SH0 mode was sensitive to the delamination simulated by the Teflon insert. This was related to the motion characteristics of the respective mode shapes and the corresponding wavelengths. Thus, the use of the pure S0 and SH0 modes allowed for damage separation that would not have been possible otherwise.
Detection of Various Damage Types Using ABT-ABT on a 3-mm Quasi-Isotropic Composite Plate
In this section, a 3-mm quasi-isotropic CFRP composite plate was used to validate the proposed method. Multimode guided wave detection was utilized to distinguish between delamination and impact damage.
Composite Specimen
A 3-mm-thick in-house quasi-isotropic CFRP composite plate with a stacking sequence of [−45/90/45/0] 3s was investigated. The dimension of the specimen was 500 mm × 500 mm × 3 mm. There were two different types of damage in the 3-mm quasi-isotropic composite plate, including delamination simulated by the Teflon insert and impact damage. A hot press machine was used to manufacture the composite specimens, as shown in Figure 3 . The simulated delamination was created by inserting a circular Teflon film (25 mm in diameter) between plies 20 and 21, which was 0.5 mm away from the bottom surface of the specimen. For the impact damage, a 304 mm × 204 mm coupon was cut from the 3-mm quasi-isotropic composite plate and was used to conduct the impact testing using a drop-weight impact tower. The details of the impact test are given in Table 3 . This table indicates that the coupon was impacted using a 3.06-kg impactor with a potential energy of 17.56 J. This energy was chosen using engineering judgment to try to obtain a 25-mm-impact damage size in the 3-mm-thick quasi-isotropic composite coupon. The force-time history and the absorbed energy of the [−45/90/+45/0] 3S coupon are given in Figure 15 . Table 3 . Impact testing conducted on the 3-mm-thick quasi-isotropic composite coupon. An ultrasonic C-scan was performed on the 3-mm-thick quasi-isotropic composite plate to verify and image the simulated delamination and the impact damage. An ultrasonic immersion tank was used to inspect the specimen. In the experiment, a 10-MHz, 25.4-mm focused transducer was used. First, a full-specimen NDT inspection was conducted, and there were no other manufacturing defects. An ultrasonic C-scan was performed on the 3-mm-thick quasi-isotropic composite plate to verify and image the simulated delamination and the impact damage. An ultrasonic immersion tank was used to inspect the specimen. In the experiment, a 10-MHz, 25.4-mm focused transducer was used. First, a full-specimen NDT inspection was conducted, and there were no other manufacturing defects. Then, a small-area scan was performed to detect and image the delaminations simulated by the Teflon inserts and the impact damage. The scan area was 75 mm × 75 mm. After an initial scan with the focus on the top surface, the transducer was refocused at the depth of the Teflon film and the maximum impact damage for a clearer C-scan image. Figure 16 shows the C-scan images of the NDT results. The C-scan images show the presence of the 25-mm delamination and the 25-mm impact damage. Therefore, the simulated delamination and impact damage were successfully detected and quantified in the NDT detection. An ultrasonic C-scan was performed on the 3-mm-thick quasi-isotropic composite plate to verify and image the simulated delamination and the impact damage. An ultrasonic immersion tank was used to inspect the specimen. In the experiment, a 10-MHz, 25.4-mm focused transducer was used. First, a full-specimen NDT inspection was conducted, and there were no other manufacturing defects. Then, a small-area scan was performed to detect and image the delaminations simulated by the Teflon inserts and the impact damage. The scan area was 75 mm × 75 mm. After an initial scan with the focus on the top surface, the transducer was refocused at the depth of the Teflon film and the maximum impact damage for a clearer C-scan image. Figure 16 shows the C-scan images of the NDT results. The C-scan images show the presence of the 25-mm delamination and the 25-mm impact damage. Therefore, the simulated delamination and impact damage were successfully detected and quantified in the NDT detection. 
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Pure Mode Generation
The tuning angle of the 3-mm quasi-isotropic CFRP composite plate was calculated using the SAFE method for pure-mode guided wave excitation.
Phase-velocity dispersion curves of the 3-mm quasi-isotropic CFRP composite plate in the 0 • direction are shown in Figure 17a . The ABT tuning angle was calculated with Equation (1), as shown in Figure 17b . At 500 kHz, SH0 mode could be excited, and the tuning angle was around 48 • . However, the S0 mode could not be generated at 500 kHz, since its phase velocity was smaller than the wedge velocity of 2720 m/s, as shown in Figure 17a . Therefore, the excitation frequency had to be reduced in order to generate pure S0 mode in the 3-mm quasi-isotropic composite plate. In this study, the excitation frequency of the pure S0 mode was set to 300 kHz, and it was found that S0 mode was nondispersive at this frequency. In addition, a broadband angle beam transducer with a central frequency of 500 kHz was used in the experiment, and the 300-kHz excitation frequency of the S0 mode was close to the central frequency. At 300 kHz, the tuning angle of the S0 mode was about 26 • . Therefore, the incident angles of the ABT-ABT were set to 26 • and 48 • , respectively, to excite pure S0 mode at 300 kHz and SH0 mode at 500 kHz in the 3-mm quasi-isotropic CFRP composite plate.
the excitation frequency of the pure S0 mode was set to 300 kHz, and it was found that S0 mode was nondispersive at this frequency. In addition, a broadband angle beam transducer with a central frequency of 500 kHz was used in the experiment, and the 300-kHz excitation frequency of the S0 mode was close to the central frequency. At 300 kHz, the tuning angle of the S0 mode was about 26°. Therefore, the incident angles of the ABT-ABT were set to 26° and 48°, respectively, to excite pure S0 mode at 300 kHz and SH0 mode at 500 kHz in the 3-mm quasi-isotropic CFRP composite plate. 
Pure S0 Mode Generation
The ABT-ABT was used to generate a pure S0 mode at 300 kHz in the 3-mm quasi-isotropic CFRP composite plate. A pitch-catch experiment was conducted to measure the group velocity. For the excitation of pure S0 mode at 300 kHz, the incident angles were set to 26° (based on Snell's law). The excitation signal applied to the transmitter ABT was a narrow-band three-count tone burst at a central frequency of 300 kHz.
To validate the generated guided wave, the response signals at five different locations were measured, as shown in Figure 18a . Strong response signals with high signal-to-noise ratios were obtained. It was noted that the wave packet was nondispersive. The TOF of the direct wave packet was determined and plotted as a function of distance, as shown in Figure 18b . Linear regression was used to estimate the experimental group velocity, yielding a value of 5.84 mm/μs, which agreed with the theoretical S0-mode group velocity of 5.87 mm/μs at 300 kHz obtained from the SAFE approach [5] . Therefore, pure S0 mode at 300 kHz was successfully generated in the 3-mm quasi-isotropic composite plate. 
The ABT-ABT was used to generate a pure S0 mode at 300 kHz in the 3-mm quasi-isotropic CFRP composite plate. A pitch-catch experiment was conducted to measure the group velocity. For the excitation of pure S0 mode at 300 kHz, the incident angles were set to 26 • (based on Snell's law). The excitation signal applied to the transmitter ABT was a narrow-band three-count tone burst at a central frequency of 300 kHz.
To validate the generated guided wave, the response signals at five different locations were measured, as shown in Figure 18a . Strong response signals with high signal-to-noise ratios were obtained. It was noted that the wave packet was nondispersive. The TOF of the direct wave packet was determined and plotted as a function of distance, as shown in Figure 18b . Linear regression was used to estimate the experimental group velocity, yielding a value of 5.84 mm/µs, which agreed with the theoretical S0-mode group velocity of 5.87 mm/µs at 300 kHz obtained from the SAFE approach [5] . Therefore, pure S0 mode at 300 kHz was successfully generated in the 3-mm quasi-isotropic composite plate. 
Pure SH0 Mode Generation
The ABT-ABT was used to excite a pure SH0 mode in the 3-mm quasi-isotropic CFRP composite plate. For the excitation of pure SH0 mode at 500 kHz, the incident angle was set to 48°. The same 
The ABT-ABT was used to excite a pure SH0 mode in the 3-mm quasi-isotropic CFRP composite plate. For the excitation of pure SH0 mode at 500 kHz, the incident angle was set to 48 • . The same pitch-catch experiment was repeated to collect the response signals at various locations at a constant interval of 10 mm.
The response signals at five different locations were measured, as shown in Figure 19a . The TOF of the direct wave packet was calculated and plotted as a function of distance, as shown in Figure 19b . Similarly, linear regression was used to estimate the group velocity, yielding a value of 3.49 mm/µs, which agreed with the theoretical SH0-mode group velocity of 3.39 mm/µs at 500 kHz in the 3-mm quasi-isotropic composite plate. Therefore, the excited guided wave in the quasi-isotropic CFRP composite plate was in pure SH0 mode, as expected. The experimental results demonstrated that the ABT-ABT could successfully generate pure S0 mode and SH0 mode guided waves in the 3-mm quasi-isotropic composite plate.
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In order to demonstrate the feasibility of this technique for damage detection over a long distance, a pitch-catch experiment was conducted on the 3-mm quasi-isotropic CFRP composite plate using the ABT-ABT. The long-distance experimental setup is shown in Figure 20 . The distance between the transmitter ABT and the receiver ABT was 350 mm. The measured signal at a 350-mm distance is displayed in Figure 21 . Figure 21a shows the time-domain signal, and the short-time Fourier transform (STFT) spectrogram is given in Figure 21b . From the time-domain signal, it was observed that a strong SH0-mode signal was measured even at a far distance of 350 mm using the ABT-ABT. A strong SH0-mode wave packet was also observed in the STFT spectrogram, as shown in Figure 21b In order to demonstrate the feasibility of this technique for damage detection over a long distance, a pitch-catch experiment was conducted on the 3-mm quasi-isotropic CFRP composite plate using the ABT-ABT. The long-distance experimental setup is shown in Figure 20 . The distance between the transmitter ABT and the receiver ABT was 350 mm. The measured signal at a 350-mm distance is displayed in Figure 21 . Figure 21a shows the time-domain signal, and the short-time Fourier transform (STFT) spectrogram is given in Figure 21b . From the time-domain signal, it was observed that a strong SH0-mode signal was measured even at a far distance of 350 mm using the ABT-ABT. A strong SH0-mode wave packet was also observed in the STFT spectrogram, as shown in Figure 21b .
between the transmitter ABT and the receiver ABT was 350 mm. The measured signal at a 350-mm distance is displayed in Figure 21 . Figure 21a shows the time-domain signal, and the short-time Fourier transform (STFT) spectrogram is given in Figure 21b . From the time-domain signal, it was observed that a strong SH0-mode signal was measured even at a far distance of 350 mm using the ABT-ABT. A strong SH0-mode wave packet was also observed in the STFT spectrogram, as shown in Figure 21b . 
Multimode Guided Wave Detection
The pure S0 mode at 300 kHz and the pure SH0 mode at 500 kHz were used to detect the delamination simulated by the Teflon insert and the impact damage in the 3-mm quasi-isotropic composite plate. The experimental setup is presented in Figure 22 . For the inspection of pure S0 mode at 300 kHz, an incident angle of 26° was used, while an incident angle of 48° was used for the inspection of pure SH0 mode at 500 kHz. Similarly, three measurements were conducted by placing the ABT-ABT on the pristine area, delamination, and impact damage. 
The pure S0 mode at 300 kHz and the pure SH0 mode at 500 kHz were used to detect the delamination simulated by the Teflon insert and the impact damage in the 3-mm quasi-isotropic composite plate. The experimental setup is presented in Figure 22 . For the inspection of pure S0 mode at 300 kHz, an incident angle of 26 • was used, while an incident angle of 48 • was used for the inspection of pure SH0 mode at 500 kHz. Similarly, three measurements were conducted by placing the ABT-ABT on the pristine area, delamination, and impact damage. composite plate. The experimental setup is presented in Figure 22 . For the inspection of pure S0 mode at 300 kHz, an incident angle of 26° was used, while an incident angle of 48° was used for the inspection of pure SH0 mode at 500 kHz. Similarly, three measurements were conducted by placing the ABT-ABT on the pristine area, delamination, and impact damage. 
Damage Detection Using Pure S0 Mode
A signal comparison between the pristine area, the delamination by the Teflon insert, and the impact damage in the 3-mm quasi-isotropic composite plate is shown in Figure 23 . A signal comparison between the pristine area, the delamination by the Teflon insert, and the impact damage in the 3-mm quasi-isotropic composite plate is shown in Figure 23 . Figure 23a shows the strong single wave packets for S0 mode in all cases. A high signal-to-noise ratio was obtained. It was found that no obvious amplitude change was observed for the case of the Teflon insert, whereas a large amplitude drop could be clearly observed due to the presence of impact damage. The frequency spectrums were calculated using time windowing on the acquired signals to obtain the main wave packet and remove the trailing waves. In addition to the amplitude drop, a frequency shift was clearly observed for the case of impact damage in the frequency spectrum, as shown in Figure 23b . Impact damage, in the form of matrix cracking, fiber breakage, and interlaminar delamination, significantly reduced local stiffness. Therefore, there was a local defect resonance due to the impact damage. The interaction between the incident wave and the standing wave due to the local defect resonance may have caused a frequency shift, as observed in Figure 23b . Therefore, impact damage was successfully detected using pure S0 mode through ABT-ABT. However, S0 mode was not sensitive to the delamination simulated by the Teflon insert. This was due to the motion characteristics of the S0 mode's shape.
Damage Detection Using Pure SH0 Mode
SH0 mode was used to detect delamination and impact damage. The incident angle was set to 48° to generate the pure SH0 mode. A signal comparison between the pristine area, the delamination Figure 23a shows the strong single wave packets for S0 mode in all cases. A high signal-to-noise ratio was obtained. It was found that no obvious amplitude change was observed for the case of the Teflon insert, whereas a large amplitude drop could be clearly observed due to the presence of impact damage. The frequency spectrums were calculated using time windowing on the acquired signals to obtain the main wave packet and remove the trailing waves. In addition to the amplitude drop, a frequency shift was clearly observed for the case of impact damage in the frequency spectrum, as shown in Figure 23b . Impact damage, in the form of matrix cracking, fiber breakage, and interlaminar delamination, significantly reduced local stiffness. Therefore, there was a local defect resonance due to the impact damage. The interaction between the incident wave and the standing wave due to the local defect resonance may have caused a frequency shift, as observed in Figure 23b . Therefore, impact damage was successfully detected using pure S0 mode through ABT-ABT. However, S0 mode was not sensitive to the delamination simulated by the Teflon insert. This was due to the motion characteristics of the S0 mode's shape.
SH0 mode was used to detect delamination and impact damage. The incident angle was set to 48 • to generate the pure SH0 mode. A signal comparison between the pristine area, the delamination simulated by the Teflon insert, and the impact damage using SH0 mode is shown in Figure 24 . Strong wave packets of SH0 mode were observed in all cases. It was found that significant amplitude drops were clearly observed for both the Teflon insert and the impact damage. The frequency spectrums were calculated by using time windowing on the acquired signals to obtain the main wave packet and remove the trailing waves. Similarly, the amplitude drops were noted in the frequency spectrums. This was related to the through-thickness mode shape of SH0 mode. However, the SH0 mode could not separate the two different damage types, which agreed with the results of the 2-mm quasi-isotropic composite plate in Section 3.3.2. Therefore, pure S0 mode and SH0 mode had to be used together to separate the damage types. The experimental results demonstrated that various composite damage types, such as delamination and impact damage, were successfully detected and separated by using the proposed multimode guided wave detection.
Appl. Sci. 2020, 10, x FOR PEER REVIEW 20 of 23 used together to separate the damage types. The experimental results demonstrated that various composite damage types, such as delamination and impact damage, were successfully detected and separated by using the proposed multimode guided wave detection. Figure 24 . Signal comparison between the pristine area, the Teflon insert, and the impact damage using pure SH0 mode at 500 kHz on a 3-mm quasi-isotropic composite plate: (a) time-domain signals; (b) frequency spectrums.
Summary, Conclusions, and Future Work
Summary
In this paper, a new inspection technique using multiple pure-mode guided waves was proposed for the detection and separation of various composite damage types. First, the proposed method was applied to a 2-mm quasi-isotropic composite plate with delamination simulated by a Teflon insert and actual impact damage. A pure S0 mode and SH0 mode were successfully generated using an adjustable ABT pair. Then, pure S0 mode and SH0 mode guided waves were conducted to detect and separate the delamination and impact damage. Finally, the same technique was applied to a 3-mm quasi-isotropic composite plate to validate the proposed method. In addition, a longdistance experiment was conducted to validate the feasibility of this technique for damage detection over a long distance. Pure S0 mode and SH0 mode were used to detect the simulated delamination and actual impact damage. The experimental results showed that the method could successfully detect and separate the delamination and impact damage in composite plates.
The developed technique is intended for the rapid detection of different types of manufacturing flaws and operational damage in composite structures over large areas without doing point-by-point through-thickness scanning. For a more detailed evaluation, the method can be followed up using local-area conventional methods (e.g., through-thickness ultrasounds, X-rays, and eddy currents), which are more precise but are slower and labor-intensive. The advantage of the developed method Figure 24 . Signal comparison between the pristine area, the Teflon insert, and the impact damage using pure SH0 mode at 500 kHz on a 3-mm quasi-isotropic composite plate: (a) time-domain signals; (b) frequency spectrums.
Summary, Conclusions, and Future Work
Summary
In this paper, a new inspection technique using multiple pure-mode guided waves was proposed for the detection and separation of various composite damage types. First, the proposed method was applied to a 2-mm quasi-isotropic composite plate with delamination simulated by a Teflon insert and actual impact damage. A pure S0 mode and SH0 mode were successfully generated using an adjustable ABT pair. Then, pure S0 mode and SH0 mode guided waves were conducted to detect and separate the delamination and impact damage. Finally, the same technique was applied to a 3-mm quasi-isotropic composite plate to validate the proposed method. In addition, a long-distance experiment was conducted to validate the feasibility of this technique for damage detection over a long distance. Pure S0 mode and SH0 mode were used to detect the simulated delamination and actual impact damage. The experimental results showed that the method could successfully detect and separate the delamination and impact damage in composite plates.
The developed technique is intended for the rapid detection of different types of manufacturing flaws and operational damage in composite structures over large areas without doing point-by-point through-thickness scanning. For a more detailed evaluation, the method can be followed up using local-area conventional methods (e.g., through-thickness ultrasounds, X-rays, and eddy currents), which are more precise but are slower and labor-intensive. The advantage of the developed method is that it permits a rapid decision for local structural areas of interest that would require a labor-intensive evaluation through conventional inspection methods. In the application, the incident angle must be set to the theoretical tuning angle of the particular material and frequency in order to generate the desired pure-mode guided wave.
Conclusions
This method can be used to detect various types of composite damage, including simulated delamination and actual impact damage. Although the ABT excitation consisted of pressure waves, the SH0 mode was successfully generated due to the anisotropy of the quasi-isotropic composite layup. The use of pure S0 and SH0 modes allowed for damage separation that would not have been possible otherwise. It was found that the S0 mode was only sensitive to the impact damage, while the SH0 mode was sensitive to both delamination and impact damage. The present method of simply measuring the change in the amplitude and frequency spectrum can detect various composite damage types, which is simple, reliable, and suitable for a quick inspection of a large area. All of the received signals, even in the presence of delamination and impact damage, maintained a high signal-to-noise ratio despite considerable attenuation of the composite plates. A higher amplitude was maintained after damage and long-distance propagation in the composite plates, which is important for practical applications. The developed method is based on guided wave detection over large areas, which can be highly effective and reliable in the detection of manufacturing flaws and operational damage in composites, such as fiber waviness, delamination, and impact damage. The proposed method is most effective for a full inspection of composite structures before assembly in order to detect manufacturing flaws. It can also be used for the in-service inspection of composite structures after an unusual event (e.g., hail and runway debris) or for the detection of hot-spot damage appearing during normal operation. It could be a very useful technique during periodic maintenance of composite structures based on flight cycles or flight hours.
Future Work
In future work, a scanning laser Doppler vibrometer (SLDV) could be used to measure the scattered waves from the interactions between pure-mode guided waves with various types of composite damage. An imaging method should be developed to visualize the damage in composites. In addition, the proposed method will be extended to detect other types of defects, such as porosity and fiber waviness in composites. It has been shown by other investigators [32, 33] that guided waves are sensitive to various types of defects, such as porosity and fiber waviness.
